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Ferromagnetic particle composites which include submicron and nanometer particles with large size
difference exhibit higher permeability than the assembly of the pure composite constituent. The
particles are redistributed in a magnetic field to reduce the demagnetizing field in the process of
composite formation by heating. In this report composites of Fe and Permalloy particles were
studied. Permeability is appreciably enhanced for the composites in spite of very low permeability
for Permalloy particles. Further improvement is expected by developing fabrication process of
particles with higher dispersion and higher saturation magnetization. © 2007 American Institute of
Physics. DOI: 10.1063/1.2712019
I. INTRODUCTION
Ferromagnetic particles in the size range of a few tens of
microns embedded in polymer1 have been successfully used
as microwave absorbers in the form of high permeability
sheets with thickness of a few hundreds of microns. Their
specific features of high production rate, resistivity, and per-
meability at high frequencies are quite attractive in the in-
dustrial application. Among various factors to determine the
permeability performance such as magnetic anisotropy, size
distribution, and particle surface layers, the demagnetizing
field is most influential but difficult to be reduced. The rea-
son is that it is associated with the particle separation which
can be reduced by mechanical compression of the particle
assembly, but this often leads to destruction of the insulating
structure between the particles and also results in solid bulk
samples with less applicability.
In our previous paper we reported that a simple combi-
nation of Fe particles 1 m in diameter and Fe3O4 nano-
particles 10 nm in diameter exhibits high permeability2
without mechanical compression. A magnetic field applied to
the composite fluid during the heating process induces high
gradient attractive force in microscopic spaces made by Fe
particles, and nanoparticles are collected in a way to com-
pensate for high gradient field reducing demagnetizing field.
These results suggested a method of fabricating high perme-
ability materials with great flexibility of physical dimensions
and a very high production rate.
In this study the combination of Fe and Permalloy par-
ticles is investigated. Although no ideal structure as was seen
in the previous study on Fe–Fe3O4 was available, consider-
able enhancement of permeability was observed.
II. EXPERIMENTS
The iron particles used in the experiment are commer-
cially available iron spheres by BASF Co. with average
diameter of 1 m. Permalloy referred to as Py hereafter
particles were chemically synthesized by the so-called polyol
method.3 While the particle composition could be adjusted
close to Ni80Fe20 in the wide size range, the particles are
coated with surface layers including C and O, and the mag-
netization decreased appreciably. In this study particles with
diameter of 70 nm were chosen. Their magnetization is
48 emu/g which is approximately half of the bulk value.
Size distribution was not evaluated numerically, but from
scanning electron microscopy SEM observation it is very
small.
These particles were dispersed in isoparaffin or polyal-
phaolefin. The solvent including these particles has high vis-
cosity and can be pasted to glass substrates. They were
heated at 100–200 °C in a magnetic field of 3 kOe until the
solvent evaporates. Viscosity of the solvent is a key factor
because it determines the degree of the particle redistribution
in the magnetic field. High mobility of the particles is desir-
able for fast redistribution but low volume ratio of the par-
ticles in the solvent results in a low volume density. The
optimum condition for the fluid preparation has not been
established in this study. The particle volume about equal to
that of the solvent was found to be near the optimum
condition.
Thus plate-type samples with thickness ranging from
50 to 200 m were fabricated. Initial permeability referred
to as permeability hereafter was measured by a shielded coilaElectronic mail: simayuta@ecei.tohoku.ac.jp
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permeameter for frequencies of 50 MHz–6 GHz. Additional
permeability measurement was performed using a combina-
tion of a ferrite yoke and a sheet sample at 1 MHz to obtain
absolute values of real part permeability. The role of the
ferrite yoke is to reduce demagnetization effect caused by the
small sample dimensions. VSM and SEM were used to study
magnetic properties and microstructures.
III. RESULTS AND DISCUSSIONS
Figure 1 shows magnetization curves of the plate
samples that include either Fe or Py particles. From the satu-
ration magnetization the volume density of Fe sample is es-
timated to be 50% assuming the bulk magnetization of
1752 emu/cm3, while for Py sample it is about 25% from the
measured value of =48 emu/g assuming the density to be
7.8 g/cm3. Since Fe particles are separated from each other,
the demagnetizing field is considerably high, making the
saturation field approximately 2 kOe. Due to this demagne-
tizing field Hc is almost zero. No aggregation structure was
observed in Fe samples. According to SEM observation Py
particles tend to aggregate during the heating process. This
may be a main reason for high Hc in Fig. 1. Presently a
process to reduce aggregation is under investigation.
Figure 2 shows minor loops for the Py sample in Fig. 1
and a composite sample with the volume ratio Py:Fe=1:4
the weight ratio is the same if a density of 7.8 g/cm3 is
assumed for both Py and Fe. While the Py sample exhibits
Hc of 30 Oe, Hc for the composite is lower than 5 Oe. It
seems from the curve of Py+Fe that in the composite Py and
Fe are magnetized independently, namely, the minor loop is
from Py and the other part is from Fe. This may be true
because the magnetization of this minor loop is approxi-
mately equal to the total magnetization of Py in the compos-
ite. However, the appreciable decrease of Hc for the minor
loop suggests that the aggregation was rearranged by high
gradient field created by Fe particles which are fully satu-
rated in the magnetic field. Unfortunately Py particles are so
small that SEM resolution was not enough to see the differ-
ence of aggregation in the pure Py sample and in the com-
posite. Composite samples were fabricated for Py:Fe=1:8
and 1:2 also. The slope of the minor loops decreases as Fe
increases with Hc approaching zero.
Figure 3 shows frequency dependence of permeability
for Py, Fe, and the Py+Fe sample with volume ratio of 1:4.
The composite exhibits the highest permeability while the
pure Py sample has very low permeability. The low perme-
ability for the pure Py sample is not only due to its low
volume density about 20% of Permalloy metals in contrast
to 50% for the composite and pure Fe samples but also to
high Hc as seen in Fig. 2, which is probably caused by ag-
gregation. The resonance frequency becomes lower for the
composite corresponding to the enhanced permeability.
An example of microstructures observed by SEM is
shown in Fig. 4a in comparison with an Fe–Fe3O4 com-
posite in Fig. 4b, in which Fe3O4 nanoparticles are effec-
tively collected in the gaps between Fe spheres forming mag-
netically connected structure some of them are indicated
with arrows. In contrast particle redistribution in Py+Fe
composite is incomplete. In a irregular structures surround-
ing Fe spheres which can be attributed to Py aggregates are
observed. They and Fe spheres are sticking to each other and
seem to be slightly aligned along the magnetic field that had
been applied during the heating process. Figure 5 summa-
rizes permeability of the composites measured at 1 MHz that
varies with the volume ratio Py/ Py+Fe. For the pure Fe
sample permeability is dominated by the demagnetization
field of Fe spheres, which in the present experiment have a
volume density of 50%. Redistribution of Fe spheres in a
FIG. 1. Color online Magnetization curves in a high field for Fe and Py
samples. From the saturation magnetization the volume densities for the
particles were evaluated.
FIG. 2. Minor loops for pure Py and Py+Fe composite volume ratio
=1:4.
FIG. 3. Frequency dependence of initial permeability for Fe, Py, and Py
+Fe composites volume ratio=1:4. Py sample has a permeability as low
as 1.4. Usually Fe sample has a permeability of 3–6.
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magnetic field was observable by SEM but is not enough to
obtain high permeability because of low mobility in the sol-
vent. Nanoparticles of Py in the composite redistribute favor-
ably to increase permeability, but excessive Py particles tend
to aggregate by themselves decreasing permeability. In Fig. 5
permeability is highest for Py/ Py+Fe=1/5. A similar re-
sult had been obtained for the Fe–Fe3O4 composite for
which the highest permeability is from Fe3O4/ Fe3O4+Fe
=1/8. The reason for this specific ratio of high permeability
has not been found yet.
For further development of this kind of particular mate-
rials for high frequency application, investigation of chemi-
cal process which provides nanoparticles with high disper-
sion and high saturation magnetization is essential.
IV. CONCLUSION
An effect of permeability enhancement similar to the
composite Fe–Fe3O4 was observed for Fe–Py composite, al-
though rearranging of the particles in a magnetic field is not
as expected because of Py particle aggregation. Since the
permeability obtained for Fe–Py composite is about the same
with that of Fe–Fe3O4, further improvement can be expected
if more dispersed Py particles with higher saturation magne-
tization are available.
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FIG. 4. Color online SEM images for Py+Fe composite a and Fe3O4
+Fe composite. Permeability is about 10 and 14, respectively. The maxi-
mum for Fe3O4+Fe is 22 when the ratio is 1:8. While in b Fe3O4 nano-
particles are collected in the Fe gaps Fe black arrows; Fe3O4: white ar-
rows, Py gray arrows aggregate in a but collected near Fe.
FIG. 5. Variation of permeability at 1 MHz with the volume ratio Py/ Py
+Fe. The optimum ratio is around 0.2.
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